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Abstract: Antimonene, a monolayer of β-antimony, is increasingly attracting considerable 
attention beyond other monoelemental two-dimensional materials due to its intriguing physical 
and chemical properties. Under ambient conditions, antimonene exhibits a high thermodynamic 
stability and good structural integrity. Some theoretical calculations predicted a high oxidation 
tendency of antimonene. However, it still remains poorly investigated from the experimental 
point of view. In this work, we study the oxidation behavior of antimonene nanosheets (ANS) 
prepared by ultrasonication-assisted liquid-phase exfoliation (LPE). Using a set of forefront 
analytical techniques, a clear effect of sonication time on the surface chemistry of prepared ANS 
is found. A dynamic oxidation behavior has been observed, which upon annealing at moderate 
temperature (210 °C) resulted in a semiconducting behavior with a bandgap of ca. 1 eV measured 
by ultra-violet photoelectron spectroscopy. This study yields valuable information for future 
applications of antimonene and paves the way towards novel modification approaches in order to 
tailor its properties and complement its limitations. 
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Two-dimensional (2D) elemental materials are attracting significant attention in the scientific 
community due to their unique physical and chemical properties, which arise from anisotropic 
and surface effects as the material is thinned down to a single or few layer thickness [1–5]. 
Beyond graphene, 2D monoelemental materials of the group 15 of the periodic table, also known 
as 2D pnictogens, have recently become the focus of intense research owing to their intriguing 
semiconducting properties, good electronic mobility and chemical reactivity, paving the way 
towards several applications ranging from (opto)electronics or energy storage to organic 
catalysis, to name a few [6–15]. Among these, antimonene, a monolayer of bulk β-antimony, is of 
particular interest because of its predicted band-gap and 2D topological feature stemming from its 
intrinsic spin–orbit coupling properties, which enables tuning the system into a topological 
insulator by tensile strain [11,16,17]. In experiments, ultrathin antimonene sheets have been 
successfully isolated by mechanical exfoliation of bulk antimony, and high-quality few-layered 
antimonene was produced by (LPE) [18], CVD and epitaxial growth on various substrates [19–
23]. In contrast to the poorly stable black phosphorus, antimonene has been proven to be an air-
stable material under ambient conditions. Moreover, antimonene exhibits shorter out-of-plane 
atom-to-atom distances, with lone-pair electrons of the antimony atoms terminating the surfaces 
of the layers and the absence of dangling bonds in the perfect crystalline structure [24,25]. 
Interestingly, theoretical calculations revealed a high tendency to oxidation that surpasses even 
that of black phosphorus, which has been also corroborated by our recent report [26]. Therefore, it 
is very likely that antimonene may easily undergo oxidation during the course of its synthesis 
under ambient conditions, which is in good consistency with recent reports on experimental 
preparation of antimonene where oxygen species are always detected on the surface of the 
nanosheets [27–30]. On the one hand, unlike black phosphorus, the resulting surface oxidation 






























































layer is thought to act as a passivation layer, shielding the material from further structural 
decomposition [25,31]. Moreover, an oxidized antimonene surface might also alter the physical 
properties of the material and bring about either beneficial or detrimental effects, impacting its 
potential applications [32]. In this context, and whilst the surface chemistry of several 2D-
materials and their oxygen-sensitivity have been fully addressed [33–37], the oxidation tendency 
of antimonene remains poorly investigated. It is then crucial to fully understand the oxidation 
behavior of antimonene prepared by top-down approaches, from both fundamental and 
experimental point of view, as a necessary step towards developing a controlled preparation 
method of function-driven high-quality material. This will have important implications not only 
in electronics, but also in energy storage and conversion, sensing, catalysis or biomedical 
applications, to name a few.[11, 18, 31] 
In this work, we have investigated the oxidation behavior of liquid-phase exfoliated antimony 
nanosheets (ANS) using different spectroscopic techniques. Our results revealed the formation of 
an antimonene oxide layer (Sb2O3-like) on the surface of the nanosheets as a result of the 
sonochemical processing of bulk Sb crystals. Additionally, we performed quantum mechanical 
calculations to shed light on the observed antimonene oxide formation, predicting a dynamic 
behavior and a stoichiometric-dependent semiconducting feature. In this sense, it has also been 
demonstrated that the oxide layer could be partially removed upon annealing at moderate 
temperatures in vacuum, leaving behind an unprecedented 2D Sb2O3-like/antimonene 
heterostructure with a band gap of ca. 1 eV. We believe that this result has important implications 
with respect to antimonene-based applications due to the observed semiconducting behavior upon 
oxidation and, once controlled, it might open up new avenues for surface engineering and 
tailoring of its properties. 






























































RESULTS AND DISCUSSION 
Few-layer antimonene was prepared by ultrasonication-assisted LPE method (see Experimental 
Section in the supporting information for detailed procedure). In this work, a pretreatment step of 
bulk Sb crystals via ball-milling was carried out in order to increase the efficiency of the 
exfoliation process as previously reported [38], In fact, the shear force applied by the stainless-
steel balls during the ball-milling process yields thin platelets, and hence facilitates their 
subsequent exfoliation upon ultrasonication in shorter times. Next, sonochemical processing of 
finely milled antimony platelets was carried out in a 4:1 mixture of IPA/H2O for 40 min at 100 % 
amplitude using a 3 mm sonotrode which produced very stable ANS-containing suspension. The 
resulting black suspension was centrifuged at 3000 rpm for 3 min to remove the residual 
unexfoliated material by discarding the sediment and recovering the supernatant. Synthesized 
ANS suspension was then casted on clean SiO2/Si wafers and subjected to a comprehensive 
characterization with respect to structure, morphology and chemical composition as shown in 
Figure 1. 






























































Figure 1. Characterization of exfoliated ANS. (a) large-scan AFM topography image of the 
exfoliated ANS drop-casted onto SiO2 wafers. (b) Height distribution obtained from statistical 
analysis of AFM height profiles extracted from 150 individual nanosheets. (c) Small-area AFM 
scan of typical ANS with corresponding apparent thicknesses. (d) Raman spectra of bulk 
antimony, exfoliated ANS and oxidized-ANS exhibiting Sb2O3 Raman fingerprint at 254.6 cm
-1 
(e) Raman mapping of A1g intensity over the exact same area as in (a) constructed by 10,000
single spectra using a green laser (λexc = 532 m) and step-size of 0.2 μm. (f) High-angle annular 
dark field (HAADF) image of sub-nanometric ANS acquired at an acceleration voltage of 80 kV. 
(g) Magnified image corresponding to the area marked with a green-dashed rectangle in (f) and






























































elemental compositional maps derived from electron energy-loss spectroscopy (EELS). (h) High-
magnification annular bright field (ABF) image near the edge of the nanosheet displayed in (g) 
(orange-dashed area) along with overlaid fast Fourier filtered image showing the high degree of 
crystallinity within the material (the scale bar corresponds to 5 nm). (i) Typical XPS line spectra 
of Sb 3d 5/2 and 3/2 region for as-exfoliated ANS (after 40 min sonication) showing 
contributions from both metallic and oxidized Sb components. 
Figure 1a shows a representative large area AFM image of the as-exfoliated ANS. To obtain 
information about thickness and size distribution of the produced nanosheets, a statistical AFM 
analysis has been performed. Figure 1b illustrates the statistical distribution of the average height 
acquired by AFM from 150 nanosheets. It is shown that 56 % of the nanosheets are thinner than 
15 nm and most of them are below 200 nm in lateral size. Moreover, nanosheets with thicknesses 
ranging between 3–20 nm with lateral sizes of less than 200 nm are predominantly present by 75 
% (Figure S2), hence demonstrating the successful exfoliation of antimony crystals along the 
layer surfaces as well as considerable longitudinal downsizing. It is worth to mention that the 
observable big chunks do not correspond to a single nanosheet, but rather to an aggregation of 
ANS, formed during the drop-casting process, which can be clearly seen in the supplemental 
AFM image shown in (Figure S2). Figure 1c depicts a small-area scan of typical ANS nanosheets 
and their corresponding height profiles in the range of 3.5–5.3 nm. 
Raman microscopy was adopted as an established technique to further characterize the material 
properties and provide the structural fingerprint by which antimony can be identified. As shown 
in Figure 1d, when excited by a green laser (λexc = 532 nm), bulk antimony exhibits the typical Eg 
(112.2 cm-1) and A1g (150.1 cm
-1) peaks ascribed to the in-plane and out-of-plane vibrational 
modes, respectively. Upon exfoliation, a drastic decrease in the intensity of the A1g peak 






























































accompanied with a slight blue shift by ca. 3.4 cm-1 was observed, while the Eg peak could not be 
distinctly detected, which agrees well to previous reports on ANS obtained by LPE techniques 
[23]. Figure 1e depicts Raman mapping of the A1g peak intensity recorded over the exact same 
area previously scanned by AFM and shown in Figure 1a. The obtained A1g map, which was 
constituted by 10,000 single point spectra with a spatial resolution of 0.2 μm, shows a high 
degree of correlation between the two complimentary measurements (Figure S3), thus 
unambiguously confirming the successful exfoliation of bulk antimony crystals into ANS. 
Furthermore, it can be clearly seen that for most of the nanosheets with a thickness of less than 20 
nm measured by AFM, almost no Raman signal could be detected due to the drastic decrease in 
intensities as nanosheets get thinner, which in good agreement with previous theoretical 
predictions and experimental results [23]. This tendency has previously been observed not only 
for micromechanically exfoliated antimonene, but also for LPE samples, regardless of the laser 
wavelength and intensity used for excitation [19,23]. However, it is important to point out that, 
when conducting Raman measurements; special care needs to be taken with respect to the laser 
intensity and acquisition time employed. Indeed, a high power density laser will considerably 
increase the local spot temperature which might consequently induce damage to the sample, such 
as oxidation or decomposition [39–41]. Nonetheless, to avoid such accidental damage to our 
samples, all Raman data presented in this work were acquired using laser powers as low as 1.6 
mW for exposure times not exceeding 5 s (see Figure S6). Additionally, an earlier oxidation of 
the sample, most probably in the course of the LPE process, might be the underlying reason 
behind the noticed attenuation of antimonene Raman intensities. Such an effect has also been 
observed in transition metal dichalcogenides [37,42]. Interestingly, we observed that Raman 
spectra of some ANS exhibited additional peaks at 190.5 cm-1 and 254.6 cm-1 corresponding to 
antimony oxide (Sb2O3) as seen clearly in Figure 1d and Figure S5. Moreover, through a careful 






























































analysis of Raman spectra of over one hundred nanosheets, we found out that only a few 
nanosheets present the Raman signature of Sb2O3, thus ruling out the possibility of laser-induced 
oxidation during the measurement (see Figure S6) and suggesting the likelihood of being partially 
oxidized during the LPE process while preserving structural integrity. The conservation of the 
rhombohedral crystalline structure in the produced ANS has been confirmed using X-Ray powder 
diffraction (Figure S7). 
To further investigate the morphology and microstructure of the prepared ANS we used scanning 
transmission electron microscopy (STEM). Figure 1f presents a low-magnification high-angle 
annular dark-field (HAADF) image of a sub-micron nanosheet with an uneven shape, hanging on 
the edge of the C support acquired with an acceleration voltage of 80 kV to prevent any electron 
beam-induced damage, as was the case with very thin nanosheets. The chemical composition of 
the nanosheet was determined by electron energy loss spectroscopy (EELS) over the green-
dashed area in (f) which allowed the construction of the Sb M4,5, O K and C K elemental maps 
shown in Figure 1g. The nanosheet is mainly composed of Sb and a noticeable amount of oxygen 
located at the surface and edges of the nanosheet. Additionally, a minor C signal was detected on 
the edges of the nanosheet, most probably as a result of contamination from residual solvent. It is 
worth noting that the somewhat reduced signal in the middle of the nanosheet in the Sb map is 
due to a relatively large thickness. A high-magnification annular dark-field (ABF) image of the 
area highlighted with an orange dashed rectangle in (g) near the edge of the nanosheet is 
displayed in Figure 1h along with a fast Fourier filtered overlaid image corresponding to the same 
area, which distinctly demonstrated the high degree of crystallinity with no major defects within 
the nanosheet. Additional HAADF and ABF corresponding to different magnifications are shown 
in Figure S8. Importantly, as pointed out by the red arrows in Figure 1h, the presence of a 






























































nanometric thick amorphous layer can be noticed at the edges of the nanosheet which is rich in 
Sb and O (as evidenced by the EELS maps). This loss of crystallinity at the top surface and edges 
points towards the progressive formation of an amorphous oxidation layer around the nanosheet, 
while the interior structure is still retained. 
To inspect even further the surface chemistry and oxidation state of Sb in the prepared ANS, X-
ray photoelectron spectroscopy (XPS) as a highly surface-sensitive technique was employed to 
probe the same ANS ensembles deposited on clean HOPG substrate. Figure 1i displays the 
obtained XPS spectra of the 3d region of ANS sample prepared by 40 min sonication, where the 
large peak near 532 eV contains contributions from both Sb 3d 5/2 and O 1s, while the peak near 
541 eV only contains Sb 3d 3/2 components. A more detailed analysis of the peaks led to the 
deconvolution of the large peak at 532 eV into five components. The orange peak at 528.6 eV 
corresponds to metallic Sb, the green peak is attributed to oxidized Sb with a binding energy of 
530.9 eV close to Sb2O3, the cyan peak at 531.9 eV ascribed to Sb in a higher oxidation degree, 
most probably to Sb2O5, and the violet peak 4 at 532.6 eV assigned to O 1s. An additional O 1s 
component (magenta) is observed at 534.3 eV and was found to be compatible with hydroxide 
species present at the surface. Note that all components are more clearly seen in the 3d 3/2 
emission spectrum at 541 eV, in particular component 3, as it almost coincides with the O 1s 
component in the Sb 3d 5/2 region. These XPS data unambiguously revealed that the as-prepared 
ANS exhibits a considerable contribution from surface antimony oxide, thus corroborating our 
earliest observation using Raman microscopy and STEM-EELS measurements. In fact, it is no 
surprise that the surface of the synthesized ANS exhibits in most cases some form of oxygen 
species, as it has also been reported by many recent experimental findings [27,43]. For instance, 
we have recently highlighted the high oxidation tendency of antimonene when exposed to oxygen 






























































after LPE exfoliation using 1-butyl-3-methylimidazolium tetrafluoroborate (bmim-BF4), which is 
an ionic liquid well known for its excellent oxidation protection behavior [31]. It has been shown 
by means of XPS that upon exposing a ANS sample to air for several hours, subsequent to the 
removal of the ionic liquid protective layer by heating under UHV, there was a simultaneous 
severe decrease in the intensity of metallic Sb component and an increase of oxidized Sb species 
compared to those of ionic-liquid protected sample. This finding provided strong experimental 
evidence of the high tendency to oxidation of antimonene under ambient conditions, which is also 
in good agreement with recent theoretical predictions using first-principles calculations [26]. 
Unlike phosphorene, antimonene exhibits a high thermodynamic stability under ambient 
conditions for over months, presumably due to the generated surface oxidation layer acting as a 
passivation layer, therefore preventing oxygen from diffusing inwards into the underlying layers 
and protecting them from further structural degradation. However, the origin of the surface 
oxidation layer and the mechanism of its formation haven’t yet been tackled in the literature. In 
light of our so far gathered evidence, we suspect that the prepared ANS in this work underwent 
partial surface oxidation during the course of LPE, most likely fostered by the energy provided 
by the ultrasonication in the liquid media. 






























































Figure 2. XPS line spectrum with peaks deconvolution in the 3d region of ANS samples obtained 
by ultrasonication during (a) 5 min, (b) 20 min, and (c) 40 min. High resolution XPS spectra of 
the same set of samples sonicated for (d) 5 min, (e) 20 min, and (f) 40 min, after annealing for 90 
min at 210 °C under high vacuum. Mean thickness of the nanosheets sonicated for 40 min is 15 
nm. 
In order to inspect this possibility, we carried out a set of LPE experiments with increasing 
sonication time, starting from 5 min to 45 min. It is important to point out that at shorter times, no 
considerable exfoliation should be expected, but the main objective in doing so was to examine 
the degree of superficial oxidation at early stages of exfoliation. The so-formed suspensions were 
analyzed using XPS, and the obtained spectra corresponding to samples sonicated for 5, 20 and 
40 min were deconvoluted and are shown in Figure 2. An overview of all XPS line spectra as a 






























































function of time is also displayed in Figure S9. A closer examination of the spectra corresponding 
to the 5 min sample in Figure 2a reveals the presence of the peaks corresponding to oxidized Sb 
and O 1s, in addition to the peak corresponding to metallic Sb. This demonstrates that 
sonochemical processing for only 5 min led to oxidation of antimony crystals, though the degree 
of exfoliation is still not substantial at this stage. In addition, the oxidation was also depicted by 
EELS compositional mapping shown in Figure S10, where a considerable amount of oxygen was 
detected on the surface and edges of the nanosheet. Interestingly for this sample, there is only one 
oxidized Sb component, of which the binding energy is close to Sb2O3. For the sample processed 
for 20 min, a Sb component related to higher oxidation state arises (Cyan peak), and its relative 
weight has grown with time as evidently depicted in Figure 2b. Next, while keeping in mind the 
above-discussed analysis of the XPS line spectra obtained for the sample processed for 40 min, it 
appears that as sonication time increases the resulting ANS undergo progressive oxidation. First, 
at 5 min we remark the appearance of an oxidized Sb component consisting of Sb2O3 followed by 
the formation of Sb2O5 corresponding to a higher oxidation degree after 20 min. Subsequently, as 
the oxidized Sb signal reaches saturation and stops growing after 40 min, the surface oxygen 
species such as adsorbed oxygen and hydroxides become predominant. In addition, the XPS data 
as a function of sonication time clearly shows the progressive decrease in intensity of metallic Sb 
(orange). This is to be expected, since for and increasing sonication time the exfoliation proceeds 
to a higher extent, thus producing thinner nanosheets with higher surface area, which renders 
them more prone to oxidation. It can be clearly seen that the intensity ratio of both main peaks 
(I_532 eV/ I_540 eV) is not constant and is increasing with time. Since the ratio between Sb 
components is fixed, the observed difference is merely due to the O 1s intensity. Oxygen is 
adsorbed as a surface species, either during the LPE process or even after exposure to ambient 
conditions. As the ANS samples do not cover completely the substrate, part of the oxygen might 






























































be adsorbed on the substrate itself. Moreover, it is clear that the amount of O 1s detected is much 
larger than the amount of oxygen expected from the intensity of the Sb oxide peaks, which 
indicates that either a significant part of the detected oxygen is not bond to Sb, or the 
development of a different form of antimonene oxide layer at the surface of the nanosheet, which 
is in good agreement with our earlier findings using STEM-EELS. 
In the following step, we subjected the samples to thermal annealing at 210 °C under UHV, in 
order to remove any possible adlayer impurities and gain further insight into the nature of the 
previously observed amorphous layer. Then, the samples were probed in-situ by XPS using Mg 
Kα line with lower pass energy of 20 eV. The obtained spectra are shown in Figure 2d, e and f, 
corresponding to samples sonicated for 5, 20 and 40 min, respectively. It can be easily seen that 
they are now better resolved, and that the intensity of the metallic Sb component is much larger 
in comparison to the samples analyzed at room temperature. Besides, as opposed to non-annealed 
samples, we noted the absence of the oxidized component corresponding to molecular Sb2O5 
though the intensity of the O 1s component has drastically increased. Interestingly for the latter 
sample, since this O 1s is not bound to Sb, it is possible that either the oxygen layer was thicker 
and was not completely removed by the annealing, or the oxygen is bound in a different way to 
the surface. Furthermore, an additional peak (dark yellow) is also observed near 544 eV, and it 
corresponds to the plasmon loss of metallic Sb, whose presence is a good sign of metallicity. 
Altogether, it can be concluded that annealing at this temperature not only removes the 
previously observed surface adlayer, thus exposing more non-oxidized Sb, but also modifies the 
ratio of the remaining Sb oxides present at the sample. Moreover, we cannot exclude that this 
oxide layer observed after the annealing process exhibits a nanocrystalline character (Figure S8). 






























































Therefore, these results suggest that the dynamic process observed upon annealing leaves behind 
an exotic heterostructure of type antimonene oxide/antimonene at the surface of the nanosheets. 
Figure 3. (a) Side view of a layered heterostructure consisting of an antimonene monolayer 
sandwiched between two antimonene oxide layers determined by our DFT calculations. (b) Side 
view of a monolayer antimonene oxide structure proposed by Zhang et al.[32] Red balls 
correspond to oxygen and grey balls correspond to antimony atoms. 
To gain further understanding about the antimonene oxide surface layer from the structural point 
of view, we have performed density functional theory (DFT) calculations on simplified systems 
consisting of 3 atomic layers. See SI for computational details. We found a two-dimensional 
Sb2O3 structure (Figure 3a), which is stable under environmental conditions. In contrast to the 
structure proposed in Ref. [32] (Figure 3b) the Sb2O3 structure is also stable for few-layer systems 
and shows characteristic Raman modes in the range of 100–600 cm-1 (Figure S11). In 
combination with the experimental data, this suggests the possibility of formation of layered 
heterostructures of few-layer antimonene cores encapsulated by two-dimensional Sb2O3 layers 
from surface oxidation (Figure 3a). Remarkably, the predicted band structures suggest a trivial 
semiconducting behavior of a single oxidized layer with a stoichiometry-dependent electronic 
band gap ranging from 0.75 eV to 4.88 eV. This result has important implications from the 






























































practical point of view because the formation of Sb2O3-like layers can make the preparation of 
devices and electrode contacts very difficult, hindering the desired characterization of the 
transport properties. We refer to Ref. [44] for further details about the theoretical simulations on 
two-dimensional antimony oxide. 
Figure 4. (a) Valence band of the ANS samples obtained by ultrasonication for 5, 20 and 40 min 
measured by ultraviolet photoelectron spectroscopy (UPS). (b) Enlarged view of the square-
dashed area in (a). (c) Valence band of the same samples in (a) after annealing at 210 °C. (d) 
Enlarged view of the green-dashed area in (c) showing a peak near 1 eV ascribed to antimonene 
oxide. The Fermi level located at 0 eV. 






























































Attending to the results so far reported, it is legitimate to expect that the oxidation layer might 
induce changes in the electronic properties of the prepared ANS. For this purpose, we explored 
the surface electronic properties of the three samples sonicated for 5, 20 and 40 min, by means of 
Ultraviolet Photoelectron spectroscopy (UPS) using He I line. In fact, the main advantage offered 
by making use of the Ultraviolet (UV) light is the low photon energy, which allows a detailed 
investigation of the valence levels. Obtained photoemission spectra of the three samples at room 
temperature as well as after annealing at 210 °C are shown in Figure 4. Significant changes can 
be easily discerned after the annealing. While the valence band shape of the sample sonicated for 
5 min remained almost unchanged, the valence band of samples sonicated for 20 and 40 min 
underwent a significant change and exhibited a different shape. Interestingly, the enlarged view 
of the valence band of the three samples after the annealing process displayed in Figure d shows a 
peak at approximately 1 eV from the Fermi level. Moreover, the increase of the intensity near 0.5 
eV is due to the onset of the valence band of an otherwise semiconducting material. This means 
that the occupied part of the band gap is approximately 0.5 eV, which gives a total optical band 
gap of 1 eV, assuming that the Fermi level is located in the middle of the gap. In view of the fact 
that XPS data has revealed the presence of oxidized Sb after the annealing of those samples, and 
the fact that bulk and few-layer antimonene exhibit a metallic feature, the measured band gap of 1 
eV can be unambiguously ascribed to a Sb2O3-like/antimonene heterostructure. Considering the 
fact that our theoretical computations predicted a stoichiometry-dependent semiconducting 
behavior for the two-dimensional antimonene oxides, it comes as no surprise that the observed 
surface oxidation in our samples induced such a kind of modification in the electronic band 
structure. 































































The oxidation behavior of few-layer antimonene has been unveiled using a combination of AFM, 
Raman microscopy, STEM-EELS, XPS and UPS, evidencing the important effect of the 
sonication time on the surface chemistry. A dynamic oxidation behavior has been observed, 
which upon annealing at moderate temperature (210 °C) resulted in a semiconducting behavior 
with a bandgap of ca. 1 eV measured by ultra-violet photoelectron spectroscopy. These results 
have been backed by DFT calculations predicting the formation of two-dimensional 
heterostructures consisting of superficial semiconducting antimonene oxides with bandgap values 
ranging from ca. 0.75 to 4.88 eV depending on the stoichiometry encapsulating pristine 
antimonene layers. Altogether, the higher degrees of oxidation obtained by longer sonication 
times in aqueous LPE leads to the formation of 2D Sb2O3-like structures, which would act as a 
passivation layer, thus explaining: i) the high stability of antimonene under environmental 
conditions, ii) the differences observed in the spectroscopic characterization reported in the 
literature so far, and iii) the observed difficulties in the preparation of electronic devices and 
electrode contacts. This study sheds light on the elusive dynamic behavior of antimonene 
oxidation, and provides a glimpse into novel chemical pathways to tailor the properties of this 
fascinating material. 
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